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HATIONAL ADVISORY COMMITTET FOR AERONAUTICS

ADVAIICE RESTRIOTED REPORT

ALTITUDE RATIWG OF ELECTRIC APPARATUS

By Paul Lebenbaum, Jr.

I. INTRODUCTION

The proper functioning of electric equipment 1s of nrime
importance in the operation of the milltary and naval alrplane
of todry. The wide use of such equlnment and the continual
increage in the operating altitude of elrcraft make it eumen-
tlal that the factors affecting the operatlion of electric ap-
paratus at high altituces be investigated 1f the anpoaratus ise
to be properly designed for this new and expanding apvlication.

Thia paper studiss the effect of altitude on the ratings
of rotatinrg electric machines and, after determining the funda-
mental principles involved, dlascusses these in relation to
the apolication of such machines in modern alrcraft. It is
shown that the reting of a self-ventilated, direct engine-
driven aircraft generator decreases repidly with altitude
and, at some eltitude within the overating range of the alr-
plene, the generstor may be able to disaipate only 1ts no-
load losses. It is also shown that an air-scoop-ventillated,
direct englne—driven alrcraft generator maintains its rating
over most of the overating renge of present-day alrcraft.
Finally, certain sea-level tests are proposed from whilch cal-
culations of rating under altitude conditiosns can be made,

The theory and tests presented in thls paper have been
checked by altitude—chamber studles on an aircraft-type,
direct-current generator.

II, JFUNDAME TAL ANALYSIS
A, Heat Transfer in Eloctric Machines
One of the principal factors determining the rrting of
electric apparatus is the maximum temperature to which its

insulation can be subjected without faillure during the required
life of the mechine. This operating tcrpersture is a function .




of the losses of the machine and its ability %o dissipate the
resultant heat.

An electric machline may dissipate 1ts losses by four
meang:

1. PFPorced convection betwoen winding and core surfaces
and cooling air

2. TFreo convection between frame and exbiont air
3. Redlation between frame and surrounding objects
4. Conduction between frame and wournting

The watts loss which may be dlssipated by these nroc—
esses 1la a function of the temporaturce difference betweaen
the machine surfaces and the ambient temperaturcs. The ma-
chino temperature rises untll the total watts loas dissipated
Just equals the imput losses; that is, until equilibrium is
reached. Thus any increase in load (and hence, loss) will
inereasc the machine temperature unless the additiomal heat
can be removed from the mechine by an increased heat tramsfor.
Conversely, any reduction in hoat transfor will incroase the
machine temperaturoc unless the loss is reduced.

The heat transfer betwoen the machine and the ambient
air also 1a effected by the alr density. Thus at the reduced
densitles and temperatures encountered at altltude (fig. 1),
tho watts loss which can be dissipated by an electric machine
may change and 1ts rating at altitudes may be different from
that at sea level.

Zach of the heat-bransfer processes is not considered
individually, arnd its varlation with density and tempmerature
doterminad,

1. TForced Convection

The transfor of hoat by tho forced circulation of a gas
or liquid is reforred to as heat transmission by forced con-
vection. In an electric machine, the cooling alr enters the
mechine at an ambiont tomporature 643, and in wiping the

windinge and core removes heat from these parts. Tho resultant
increase in air temperature ("air rise") is demoted by 0 gp.
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Thie process is shown graphically in figure 2, where 0g, 18

the surface temperature of the windings or core of the machine
and 0 3 1e the temperature drop betwoen the hot surface and

the cooling mecdium ("surface drop").

The maximum allowable winding surface temperature is de-
termined by the insulation used in the mechine. Thus, 1f 04,',

6q's and Bgp' denote valucs of surfaco tomparaturs, surface

drop, and eir rise, rcspectively, at the point at which the
ventilating air leavcs tho machine,

Bg1'= By + 0" +0,5" OC (1)

6or' 18 a function of tho wolght flow of alr through tho
machino and the watts loss taken away by this alr. Thus,

B op! = 2133 dfor (2)
U}
whore

Qpor 'atts loss dlssivated by forced convection

v welght flow of cooling alr through machine,
pounds per minute

¥=0p Q

p density of cooling alr at entrance to machine,
pounds por cuble. foot

Q volume flow of cooling air at ontrance to machine,

cubic feet por minute

The surface drop at the exit of the machine is:

04 = Afor ~aq (3)
0 -
where ST
(o] over-all thormal condunctence betwoen machino surfuce

and cooling alr, watts vor °C




The thermal conductance C 18 a function of tho denaity
of the cooling air p, 1ts velocity v past the surface being
cooled, and the area of that surface 4,;. It has boon shown

(reforonce 1) that for the turbulent flow of air in ducts
c oA (pv)® (u)

In an electric machine the veloclty v .1s comooeed of
two components: the axial volocity of tho cooling alr through
the ducts of tho machine v,, and tho voripherel velocity of

thoe rotor Vp- Testa on direct-curront aircraft-type genora-

tors indlcate that for ratios of axial to veriphorsl velocity
epproximately less than 2, the axlal volocity cen be neglectod;
whoreoas, for ratios greator than 2, the peripheral volocity

can be neglected. In the practical case of solf-ventilated

and sopvaratoly ventllated alrcraft generstors, th: formor tyve
uguelly has a ratio of axlal to peripherel veloclty woll bolow
2y, and the lattor type has a ratio woell above 2. Honce tho ’
transition range noed not be studied closoly in the presont
investigation.

The axlal velocity v, is:

144 q
44

fcet por minute (5)

Va
where

Ad total area of ducts through which the cooling alir
flows, square inchos

Trus from oquations (4) and (5), and tho above assump-
tilons,

n.,a_1 _a
csel:ﬁ' i A; vp p —k—. P (6)
1

Cogp @ 4, ( p 184 Q am.A._L ) e o 1 y%(p)
P Ay Ay kg

whore k, and k, arc constants for any glven machine opor-

ating at constant epeod, and Og41¢ and Oy, aro tho ovor-all
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thormal conductancos for self-ventilatod and soparatoly venti-
latod machines, rospectively.

In smooth ducts, O = 0.,8; in rough ducts, @ may vary
from 0.5 to 1.0, dopending on the degres of roughness. On ono
aircra.f-t-type.' direct-curront gonorator, tho use of an exponont
of 0.5 chockod test data.

Subetituting cquations (2), (3), (6), and (7) into oqua-
tion (1) glvos: .

Self-ventilated:
6gq! -0 a1
Apop = H watto ¢3)
° 1
R
Separatoly vontilated:
6_.1_86 .
o 2
. 8
¥ Tyt

Honce, if e-“' » 64,0 Py and 7 are kuown at a givon

altlitude, the watts loss which can bo romoved by forced convon-
tion at that altitudo can bo found if ¥x,, kp, and @ are

known. Thoso constants can be dotormined from seo~lovel tests
on tho machilne.

2. Iree Convoction

Tho transfer of hoat by tho natural circulation of a gas,
caused by a nomuniform tomperaturc (and honce consity) varia~
tion wlthin tho gas, 1s reforrod to as heat traaemission by
free convection.

Tho heat transferrcd from a horizontal cylindor in alr is:

- 0us(g o y5/*
Lrres =1.83 X 10 Azp - 58 “af © watts (10)
L




whero

d¢roe wabtte loss by froo convection

Ag aroa of surface subjoct to froo convection,
square inchos

P atmoscheric nressure, inches of mercury

. convocting surfece temporature, °C

Bag ambient air tomperaturo for free convection, °C
L = _Eh_i , foet

I, + Ly
Iy, horizontal longth of cylinder, feot

L, vortical height of cylinder, feot

The watte dlssipated by froo convection at any altitudo
can therofore bo calculated {rom equation (10), since all
factors are known. Tho surfaco temporature can be detormined
from soas~level tests. Tcstes takon under actual altitude con-
dltions have indlcatod that the freme temveraturce remains
osgontially constant at various altitudes for the same maximum
internal surface temvperature, unless thore are largo changes
in theo heat disslipated from the frame of the machine.

It ghould be notod that the watts dlasipated by frec con-
vection very as tho 0.5 vowor of the atmospheric pressurac.

3. BRadiation

Rodiation 1s tho method of hoat transmission by which
heat onergy l1s transferred from ono body to amothor through
a transparent modiuws without any change in tho tomperature of
the modium. When tho area of thc radiating body is small
comparod to that of its surroundings, the watts diselpatod by
radlation aro!

95'3\4 Oa \;
= 0.00375 €-Ag< \ - 2\ (11)
e » [ 100, \100 '



an wvatts dlseilpated by radiation

€ emissivity of the surface of tho radiating bodg (0.9
for a body covered with a nonmotallic paint

Az arca of radiating surface, square inches
0g3 radlating-surface tempcraturo, °C absoluto

63 amblont-air temporaturo or tomporature of surrounding
bodies (1f close emough) for radiation, °C- absolute

™o abovo oquation shows that the watts dissipatod by
radlation arc independent of air density or preassurc and,
honce, of altitude for constant @45 and 8g3. Tho samo

atatemcnts concorning these tomperaturos apply to this case
as to tho casc of free convoction,.

4, Oonduction

The hoat transferred botwoon two bodies by tho conduction
process 1o directly proportional to the conductivity of the
transmlitting modium; its aros, and the tomporsture difference
between the two bodles, and invorsely provoritlornal to tho
longth of path. In an sloctric machino, heat is conducted
through its mounting -~ tho dircctlion of the transfor dopending
on the relative tomperature of the two bodioa. This hoat
transfer ie difficult to calculate slnco the longth of peth
and tho temporaturo difforenceo are not accuratoly lmow, How-
evor, it 1s not offectod by alr density or temmoraturo, pro-
vided the tomperature of machine and mounting remain constant,
Mcasuroments of these temporaturce must bo mado to dotormine
tho diroction of heat flow, and tho results obtalned used to
tompcr the calculritione of total heat transferrod by the other
throe processos. If heat 1s romoved from tho machine, it can
be noglocted and usod as a Masafcty factor®; if it 1s added,
an ostimato of the quantity added may be necossary.

5. Summary of Heat-Transfor Equations

Qtot = 9for + dfroc tap wattn (12)



Self-vontilated:
08 Baiy
Afor = 0.133  ky watts (8)
v P>
Bepivately ventilated:
951" = gy
=21 g
Afor 0.133 + watts _ (9)
¥ we
8/ 4
9sa-9aa)
Ufroo =1.83 X 10~ A ‘0 watts (10)
= 0.00 €A | | watta (11)
ag 375 €Ay (m) (

B. Air Flow in Eloctric Machines

All tho torms in tho hest—transfer equetions above have
beon dlascusseod, oxcept the woight flow of tho air used to conl
tho machine W. This quantity varies with altitudo in a menner
which deponds on the typo of ventilatlion employod. In tho cnse
of aircraft oquipment, two typos of maciino are used: tho on-
closed gclf-ventilatod mechine, wherc tho cooling air 1s cir-
culatod by a fan Integrel with the machine; end tho enclosed
soparately vontilated machine, wihcro the coolling esir 1s piciked
up by an alr scooo on tho alrplane end forced through the ma-
chine by the ramming vressure obteined from the airplane'c
motion. Single—-znd, axially ventilated machines arc discusscd
horo, as this is tho typo 1n most common uso on tho oquipmont
consldorod in thio paper.

Noglecting the friction preseure drop of the air in flow
ing through tho passagos of a machino (o good assumption for
gaall mechinos), tho oquetion governing tho air flow tkhrough
& machino is:

- v T a8
='5—‘_>'§'I.Bm 2%- +ﬁn 2—2—- + ...] inches of wator® (13)

*This oquation assumos that tho air density is constant through-
out tho machine, B:cause of tho alr tomporaturo risec, this is
not strictly truo. EHowcvor, tho simpliclty obtainoed by assuming
a oonstant donsity warrantes its use. For moro accurate calcule~
tions, an averege alr dcnsity may bo usod rathor than tho value
at thc machlne entranco.




vhero

H opressure head availoble for forcing coollng air through
machino, measured at entrance to machine, inchos

of wator
Ty
Bn -2 Bn 2 ,... loss in pressure at contractions, oxpan-
2g 2g slons, bonds, ete., of tho airflow path,
moasurcd in velooclty heads of air.
Sinco .
1 1
Ym, vn'..‘ ='%. %,ano
8~ I
H=Qpi BHB+E:B +o.0 | (1)
hg « ,Am -4
whoro

Apy Apye.. arems at chengos in path scction, square inches

Tho brackotod oxpression is a constant for any machine
and may bo called an "air rosistanco,™ R. Henco,

Q= /%8—2, cubic foot wor minuto (15)

Tho woight flow of co7ling air, thorofore, is¢

vV =pQ

W= ia—g-ﬂ, pounds por minute (16)

. This oquotion defines thoe weight of cooling air flowing
through the machine for a glven prossure head H, This proe-
sure head will vary with altitudo, ‘deponding on whother the
machine is geclf-ventilated or separately ventilatod by the
methods discussed. abovo.

The prossurc hord developod by a fan revolving.at constant
spoed varles dlrectly with tho air density. Thorefore, in a
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golf-ventilatod machine, the welght flow of alr 1s directly
proportional to the air doneity, from equation (16).

For a soparately ventilated machine omploying an air
scoop, tho head H will depond on the airplane's speocd-
altitude charactorinstic. Xor a constant angle gf atteck the
1ift on an airplane wing is proportional to pV, where p
ig the oir density, and V is the veloclty of the airplane
relative to the alr. ©Since a certaln minimum 1ift 1s noces—
sary to supovort the alrplano, the minimum p'V'P‘ mzst remain
constant, rogardless of altitude. However, the pressure head
in inchos of vater %ovelopod in tho alr scoop is dircectly
proportionnl to pV (neglecting losses); hence the minimum
alr-ncoop pressure head is indepondont of altitude for =
soprratoly vontilated genorator. From equation (16). 1t cen
be seen that tho minimum woight flow of alr 1s thus propor-
tionrl to the syusrc root of the alr density and therefore
doecremscs with altitudo but rot as ranidly ~e in the self-
ventlilated machlne, whore tho dcecrosse was directly oropor-
tionel %o the alr density.

III. APFLICATION OF F-DAMEFTAL AVALYSIS TO THE
DETEHINATION OF THE ALTITUDE RATINGS OF
RCTATING ELWCTRIC MACHINES IN AIRCRAF™

Tho fundemontal cruations for hert transfor in rotnting
mechines wlll now bo usod to determino the rating of eloctric
machinos under varying altitude conditions. The srecific
casos of solfsvontilated and soparately vontilated, direct
ongine-driven, diroct-curront gonerntors will bo choseon for
thls discusslon, each gonerator being considered separatoly.
Those gonorators are overkung from the beck end of the air-
craft ongino. Tho solf-ventilated generctor secures its
co>ling alr from the spaco back of the engine, kmown as tho
ongine~accoesory comportnent; and the seperately vontilated
machlno, from the atmosphero oxternal to the airplene.

The genornl approech to the problem of altitude ratings
is:

1, The doterninrtion of the embieat =nd air-flow con-
ditions for each type of gencrator
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2. . The caloulation of the total watts loas which can be
romoved by the heat-transfer processos already dis—
.cussed ( heat transfer by conduction will be neglec~
ted) at the altitude at which the rating is desired.

3. The detormination of the current, and hence the rating
of tho machine, corrosponding to the total watts
‘loss found in 22) from a curve of watts lose of the
machine es a functlon of 1te line current.

A, Enclosed Solf~Vontilated Generator
1. Aabient Temporatures .

The smbient temperature of the cooling air 6,, of a

self-ventilatod generntor is that of the ongino~accoseory com—
vartmont. Tosts havo shown that this temperature is indopend-
ont of altitudo. Present informntion indicetes that a minimum
comoertmont tomporaturo of 33° 0, and a maximum of 65° 0 may
be expocted. This ambient tempereture is also the tomporeture
to be used in calculeting the heat trancfor by free convection,
Base

Tho generator freme will rediato to or ecquire hoat from
surrounding objecte, donendinz on tho reclativo termorature of
tho bodies involvod. This trarsfor will remain pubstantially
independont of altitude,

2. Alr Flow

Pz;evioua oquetions havoe shown that tho wolght flow of air
¥ through a self-vontiletod gonorator is diroctly proportional
to the alr density, end thorefore docreaces with altitude.

An inspection of equations (8), (10), end (11) now shows
that tho watts loes which aey bo dlesipyetod by a sclf-vontilated
gonorator, for a constant maxirmm allowable surface temperature,
decreases with increase in altitude., All gquantities in these
equations areo constant except the air flow W, tho air pres-
sure p, &and the air density p, all of which docroaso with
altitudo. The reduction in roting doponds on the relative
proportions of Qgyps Qfreer 804 gy ecting to cool the goner—

ator, Table I shows the percont watts loass dissipated by each
of the throo hoat-trensfor procossecs at an altitude of 36,000
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foet as coumered with the dissipation at sea lovel (teken as
100 perccmt'). For example, if the gonerator could dissipato
all of its loss by rediation alone, lits rating would be inde-
pendont of altitude since qp 1e indopondent of air donslty

end pressure. In any actual application all processes will
ontor, but the watts dilssipatod by forcod convection will bo
at lesot 30 percent of the total for the lightwelght, high-
output generators now used in tho modorn elrplane and will
therofore be tho limiting foature.

Figure 3 shows the reoduction in the wetts loss that may
be dlasipnted by forced convoction in a solf-ventilated gener—
ator, as a function of altitude, for constant maximpum surface
temporature and constant gonorator specd. Ourves are plotted
for vnrlous values of «a 1in equation (8). and for varlous
ratios of alr rise to machine tomperature risc 2t sea lovol .
In self-ventilatod machinos, this letter ratlo is usually
greator than 0.5.

After the total watts loss which can be dissipeted by
tho thrco vrocessos of heat transfor at £ given altitude has
boor calculated, the new current rating of the gonorator at
that altitudo 1is found from the curve giving tho gonerator
line curront as & function of ite watts loss. This curvo is
aphroximated by A conetant, roproscenting tho no-load losses
of the machino, plua a2 torm whlch 1s a function of the square
of tho line curront.

If the wetts which car bo dissipated at the operating
altitude of tho airplenec are less than tho no—-load losscs,
the machino cannot ovon meintaln ite voltage ~t no loed. Fig-
urc 3 shows that the solf-vontllatod goncrator thus has a
"coiling" of oporation, at which point the machino can dis-
sipato its no~load lossos only end cannot carry any load cur-
rent without excocdinz i1ts maximum nllowable temperaturo.
Since the no-load lossos of a lightwoight, high-output genor—
ator may be a quarter to a third of 1ts total losscs when
carrying rated curront, thls celling mey occur within the
opercting 1imit of the airplano.
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B. 3IEnclosed Separately Ventilatod Genorator
l. Ambiont Temperaturos

The ambient temperature of tho cooli.n.g alr 8,, of a

separately vontilated genorator is that of the alr outside of
the airplane (noglacting a small temperature rise of the air
at the entranco to tho air scoop due to its compression). The
Air Oorps standard atmos;gheric alr temperature decroases with
altitude at a rato of -2 C for evory 1000-foot increase in
altitude (fig. 1). The ambient temporaturos for freo convec~
tion and radlation remain the samo as for tho seolf-ventllatod
goenerator.

2e Alr Flow

The minimum rerming-head cooling-eir pressuro avellable
ot the cir scoop of an eirpleno is indopendent of altitude.
From equotion (16), therofore, the weight flow of air in a
scperatoly vontilatcd genorator is proportional to the asquaroc
root of tho air donelty.

Equations (10) and (11) show thet tho same watts loss is
dissipatod by froe convoction and rediation in the caso of the
soparatoly vontileatod generator as for tho self-ventilatod
mechine,

Figuro 4 shows tho vari~tion in the watts loss th~t nay
bo dissipated by o soparately ventiletod gonorator for constant
ramming-head cooling-alr pressuro, constent maximum surface
tomporaturo, nnd constant genorator spced. Curves areo plottod
for various values of @ 4in equetion (9) and for verious
ratios of slr rise to mnchino tomporature rise a2t sea level vy .

After dotermining the total watts loss which can bo die-
sipated hy tho threo wrocosaes of heat transfer, the altitude
rating of tho gonerator can be found from the curve of wattis
lo8s as a function of lino currcnt as was done for the self-
ventilated gonerator.

From figure 4 and equ~tioms (10) and (11), it is avparent
that a separatoly ventilnted genorator whith obtains its cool-
ing air from an alr scoop on tho airplanoc malnteins, and nay
even increese, 1lts sea~level rating et practicnlly all altitudes
within tho oporating roango of preasont-day aircraft. In tho
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case of the separatoly ventilatod gonorator, the reduction in
cooling—elr ambient tempoerature offsets the docremsse 1n weight
flow of cooling air. Also, due to tho constency of the ramming-
hend cooling-elr pressure of the separately vontilated gonera~
tor, the welght flow of cooling alr decrcasos only with the
squaro root of the air density. In the self-ventiletcd genor—
ator tho welght flow decroasos Cirectly with the air density.

IV. CONCLUSIONS

A, TFigure 3 shows that tho rating of an- enclosed, solf-
ventilrtod, direct onglne-driven, dircct-current circraft
goenorator docrecses rapidly with altitude, and mny have a
"ecoiling® within tho altitudo rnnge of the alrnlano on which
it is mounted. This ceciling is tho point at which the goner-
ntor will just dissipate 1ts no~lood losscs without ovor—
heating,

B. Ficure U4 shows thot the rnting of an enclosed, sepn~
ratoly ventlleted, direct ongino—drivon, dlrect—current, cir-
craft generator, obtaining 1ts cooling eir from an air scoop
mounted on the alrplane, rem~ins cgsentinlly indecendent of
altitude - tho roting increasing slightly over ite see~level
value up to 20,000 feet, ard thon docrosasing again.

C. BSea-lovel tests con be takon, by means of which the
reting of a glvon gonerator ot n glvea altitude can be deter—
mined if amblont conditions at thot sltitudc aroc Xmown.

D, The analysis presontcd in thils paper caz be used to
determine tho air-flew roquiromonts necosszry to obt~in a
given rating from a given goncrator at any dosired altitudo.

X, The reosults of thils enalysis can bo applied to the
determination of tho altitude hoanting and reting of typos of
eloctric apparatus othor then alrernft gencrators, if the ~g-
sunptions madoc here are critically roviowcd rnd sdnoted to
meet tho now conditions.

F. This paper oresontes some of the fundnmentals of the
problem of altitudc reting of clectric machincs £nd has pro-
posod teste for its determination. It is hoped that future
tost data, obtainod both in altitude chambers ~nd undor actual
operating conditions, wlll be corroleted nnd usod to nodify
and oxpand the cnalyslsg whoro noccsseary.

Genorsl Eloetric Comveny,
Vost Lynn, M~ad.
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APPENDIX
PROPOSED SEA-LEVEL TESTS FOR GENERATORS DESIGHNED
FOR AIRCRA¥T AFPLICATIONS

The tosts proposed hore aro based on tho ansumpti.on that
the point et which the maximmum allowable surface tomporature
95'1' is mensurcd et soa level romaine the hottost point 1n

the machine as the load on the nachine is varied. Tecats on
aircreft-typo gonerators have lndlceotod that this assurmptlon
is correct. In the proposed tests tho gonerntor mounting
ghould be insulcotod thermally from tho toeet strnd on which it
is mounted, in order ta olimincto tho effects of conduction.
It is aleso nenunod thet the outer surfrce of the generator ro-
neing ossentirlly At constant ftemperaturoc for a constant maxi-
mn internel surfrcoe termerature. This assumption hes boen
chocked by rltitudo-chamber teats.

A, Proliminary Tests

Theeo prolininary sea~lovel tests determino the wolght flow
of cooling eir forcod through the gonerrtor for verious romming-
hoad pressures ot the ontrance to the genorator coolling systom.
the watts lose of the machine for various lino curronts, ond
the value of the exponont @ 1in equetions (8) ~aa (9).

1. Moasure the volumo flow of alr through the genorator
for various inlet ramming<hend alr pressuros. Set up tho genor—
ator as a separatoly ventilatod uechine and oporato at minirmm
reted ppoed. Vary the colume flow from a value at which tHo
ratlo of the axinl velocity of the cooling eir to the periph-
eral velocity of the rotor 1s approximately 2, to a value at
which this rntio is epproximatoly U.

2. Plat e curve of woight flow of eir as o function of

" the ramming-hoad pressure of cooIing nir from the rosults

obtained in A~-1 nbove.

3. Calculetae, or detormine from dynaroneter tests the
wetts loss of the genarator =s a function of 1te line current
with the genersrtor operating ot its minimum reted apood and
retod maximim allowable surfrce temperaturc. Plot e curve
of total watts loss as o function of line current,

—— e ——— e
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4, Take a.series of heat runs on the genorator at mihi-
mum rebted spoed ot verious inlet ramming-head alr vrossures,
covering the renge of pressures used in A~-2. At oach prossure
very tho gonorator load curront until the tomperature of the
hottest surface in the nochine is oqual to the meximun ollow-
eble surface temperature, Koep the gonerator smblent tempers~
turec @p,g¢ &t the crme velue as 1s expected during acturl

operation.

5. Crlculato the watts dissipatod by froo convection and
radintion in oach of the runs of A-4 fron oquetions (10) and
(11). Subtr~ct tnoso velucs from the totel wetts dissivated
in oach of tho runs rnd plot a curve of wotits dlsslpatod by
forced convection as o function of inlet reoning-hoed =air
Pressuros

6. Rowrito cquation (9) as:
TW(8g1'-6p1)
Qfor

=W (Bg1'-6n;)
Plot W s8 a function of | —~————— - 0.133 on log-
L Qfor
log papor for various v~lues of inlot raming-heed air pres-
gurc. Secloct & valuo of this pressuro and find qp,, from

the curve of A~ and W from the curvo of A~2 for this pros-
sure. Using theso values of W and ggyp plot one point

of tho sbovo curvo. =Zopont, using & differont proassure.

~-

~
log kp + (1~a) log W = 1log - 0-133_'

7. Obtein tho slopo of tho curvo of A-6 snd cnlculato «,
knowing that this elopo 1s equal to (1 - a).

B, Solf-Yontilanted Gonerator

To find tho altitudo rating of s self-vontlilatod aircraft
generator, prococecd as followss

1. Tako & hopt run et ninimum rated epecd at such = line
curront that the tompercture of tho hottest surfeco in tho
nechino is equal to the meximim rllownble surfeco temporaturo
for the generntor insulation. Teko this hoat run in an esmbient
temperature oqual to tho oxpocted ongine—accossory-~cormpertment
tomporature at the altitude ot which the genoerntor is to bo ratod.
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2. Moapure tha volune flow of alr Q through the nnchlne
under tho ambient conditions of B-1l, and calculate tho woight
flow of cooling air through the machine.

3+ T¥rom tho wetts loss-curront curvo of A~3, detormine
the totel watts loms of the machino at the load of B-l.

4}, Calculnto tho watts dissipated by freo convoction and
radiantion in tho heat run of B~1 from cquetions (10) n~nd (11).

5. Determine the wntts dissinatod by forcod convoction
in tho hoat run of B-~1l by subtraoting tho watts diseivated by
free convoction ~nd radisation from tho total watts dissipated.

6. Calculcte ky in equation (8’). using tommernturos
and tho welght flow of alr found in B-1l and B-2, the value of Q
found in A~7, and the value of qpop found in 3-5.

7. Crlcul~tec the total wntts dlseipnted at tho altitude
ot which the genorator rating is to bo dotermirod from ocquations
(8), (10), and (11). Usc voluos of air donsity end vressuro,
and engine—rnccesrory~compnrtnent tomporature et tho glvon alti-
tude. Tho wecight flow of air in n self-ventll~ted genorctor
is directly proportionrl to the nlr donsity. Uac valuca of
Og:"s Banr Bazsr Opys Cppy ond 6,5 from tho hont run of B-l.

8. Detormino the n~ltitudo-curront roting oFf the gonor—
rtor by ontering tho wrtis loss—current curve of A-3 with the
total watts dissipated ne calculatod irn B-7.

C. Soprratoly Vortilated Gonorentor

To f£ind tho esltitude rrting of a scparately vontilatod
gonorator, proceed as followa:?

1. Dotorminc tho ninimun rorming-hond cooling-elr prog-
surc 1n inchos of water aveilrble at tho cntrance to the goneor—
ator coaling cep nt tho altitudc =t which tho rating of the
gonorator 1s to beo founda

2. Deternine the watts looa thnt can bo dissipated by
forced. convoction by the genorator with thle roamming-hond
prossure £t soc. lovel from tho curvo of A-5,
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3. Calculate the valus of kg from equation (9), using
tho watts loss found in C-2, the weight flow of alr from A-2
( corrccting for any differenco botween the cooling-air tem—
peratures of tho runs in A-2 and C~2 in detormining tho woight
flow), the torperatures from the hoat runs of A-lY, and the
volue of o from A-7.

4, Calculate tho total watts dissinmted ~t the altitudo
et vhich tho geonerator rating 1s to bo determincd from equations
(9), (10), and (11). Use valuoe of air oresoure snd cooling-
alr touporature nnd density from figure 1. Tho weight flow of
cooling alr ir - separatoly ventllcoted gcenorator is onropor—
tional to the sgquaro root of the conling-eir density. Uso
values of 0g;'s Byar Ogssr Onps and 8,5 from tho heat run

of A-Y4, corresponding to theo minimua remming-hesd cooling-
alr pressuro of C-l.

5. Detorminc the altitudo-current rating of tho gerer-
ator by ontoring tho watts loss—currcnt curve of A-3 with the
total watts dlssipatod as calculaoted in O-Y.

NOTATION
Al sroa of machino surfaco for forced convection,
square inches -
Ag area of mechince surface for froo convoction,
squarc linchos
Ay arca of machine surfiaco for rodiation, squaroc inchos
Ad totrl area of mrchince duets through which cooling-

alr flows, square inchos

Cge1f oOvor-all thormal conductanco botwecn machino surferce
and cooling alr for sclf-ventiletod nechinos,
vatts per ~0

OBOP ovor-all thermal conductonco botwocn mechine surface
and cooling colr for scparetoly ventiletoed nachines,
watte por °C

p density of cooling cir et ontranco to .inchine, pounds
por cubic foot
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.€ omiseivity of rodiating surfaco
_ alr-torporature riso
Y = Zechino-temperature rise
H prossuro head avrllable for forclng coolling alr through

mechine, inches of wator

I = iy feot

Iy + Ly
Iy, horisontal length of mechine for freo convoction, foet
I'v ‘vortical height of machine for froe.convoction. foot
P etnosphoric pressure, incheos of mercury
Apor Vwtts loss dissipeted by forced convoetion -
Afproe Wotts loes dissipated by froo convoction

ap watts loss dissipatod by rndietion

Q volume flow of cooling cir through machine meesured
at entrrnce, cubic foet vor nminuto

R rosigtnnco of m-:=.ch1:1e to flow of cooling mir

8aq smbient-alr tomp-oz;c.ture for forced convection, %

Bna arbiont-sir tomporature for froo convoction, °C

%] arpiont-alr tomperaturo for rndiation, °a absolute

a3

Oar cooling-nir temperature rise (air riase), °

CF] temperature differonce botwoon nachine surface cnd
cooling air (surfaco drop), °C
0 a1 machino-surfaco temperature for foreced comvoction, %0
o
Oap aachino—-surfnaco tomperature for freo convection, ©C

Ogaa mrchine~-murfoce tempereture for rodiation, °¢ abaolute
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v voloclty of cooling alr pest mnchine surface bolng
conled, foet poer mimte

Ve axiel voloclty of coollng alr through ducts of machine,
foet por nimte

vp poriphoral voloclty of rotor, fecet por minute
k: wolght flow of cooling air through nachine, pounds

por nminute :

Primod quantitios aro voluos meoasurcd =t tho cooling-eir
exit of tho machine.
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TABLE I
"+~ ~Comparison-of the Watts Loss Dissipated. from.
Self-Ventilated, Direct Engine-Driven Alrcraft Generators,
Employing Different Proportions of Heat-Tragefer Processes

in Their Cooling

Percent of total watts Percent of gea-level watts
dissipated at ses level” dissipated at 36,000 feet™
By forced By free By By forced By free By
convection |convection|radiation convection |convectlon|radiation]|Total
Y¢=°¢67.¢0|5 'Y=o-67|@005

100 0 0 27 0 0 27
0 100 4] 0 a7 0 47
0] 0 100 o 0 100 100

*Haximum generator windlng surface (14000). generator frame
surface, surrounding obJject, and englne-accessory ccmpart-
ment (389C) temperatures are constant for all comparisons.
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Figure 2.~ Temperature-air flow diagram of a single end, axlally ventilated
electric machine.
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